An aminotransferase capable of transaminating 2-oxo-4-[(hydroxy)(methyl)phosphinoyl]butyric acid to L-phosphinothricin [L-homoalanine-4-yl-(methyl)phosphinic acid], the active ingredient of the herbicide Basta (Hoechst AG), was purified to apparent homogeneity from Escherichia coli K-12. The enzyme catalyzes the transamination of L-phosphinothricin and various analogs with 2-ketoglutarate as the amino group acceptor. The transaminase had a molecular mass of 43 kilodaltons by sodium dodecyl sulfate-gel analysis and an isoelectric point of 4.35. The enzyme was most active in the high-pH region, with a maximum at pH 8.0 to 9.5, and had a temperature optimum of 55°C. Heat stability was observed up to 700C. Substrate specificity studies suggested that the enzyme is identical with the 4-aminobutyrate:2-ketoglutarate transaninase (EC 2.6.1.19). The first 30 amino acids of the N terminus of the protein were determined by gas phase sequencing. The transaminase was immobilized by coupling to the epoxy-activated carrier VA-Biosynth (Riedel de Haen) and used in a column reactor for the continuous production of L-phosphinothricin. The enzyme reactor was operated for 7 weeks with only a slight loss of catalytic capacity. Production rates of more than 50 g of L-phosphinothricin per liter of column per h were obtained.
L-Phosphinothricin [L-homoalanine-4-yl-(methyl) phosphinic acid] is the active ingredient of the broad-spectrum, nonselective herbicide Basta (Hoechst AG). It is produced as part of the dialanyl tripeptide bialaphos, which was first isolated from Streptomyces viridochromogenes by Bayer et al. (3) . L-Phosphinothricin is a structural analog of L-glutamic acid, and its herbicidal action is due to the inhibition of the ammonia-fixing enzyme glutamine synthetase (10, 13) . The commercially available herbicide is a chemically synthesized racemic mixture and contains 50% of the herbicidally inactive D-enantiomer of phosphinothricin. The aim of our investigations was to develop a method for the stereospecific synthesis of the L-entantiomer.
Studies of the metabolism of phosphinothricin by soil microorganisms and Escherichia coli (2, 17) revealed that one major degradation pathway is the conversion of Lphosphinothricin to its corresponding 2-oxoacid, 2-oxo-4-[(hydroxy)(methyl)phosphinoyl]butyric acid (PPO) by transamination. Since enzymatic transamination is a reversible and stereospecific process, we used this type of enzyme reaction for biotechnical production of the herbicidally active isomer of phosphinothricin.
In the present communication we describe the isolation and application of a phosphinothricin-specific transaminase from E. coli and provide evidence that this enzyme is identical with 4-aminobutyrate:2-ketoglutarate transaminase (EC 2.6.1.19), the initial enzyme of the 4-aminobutyrate (GABA) degradation pathway (7) .
MATERIALS AND METHODS
Chemicals. PPO, DL-homoalanine-4-yl-phosphinic acid, DL-homoalanine-4-yl-phosphonic acid, 3-aminopropyl (methyl)phosphinic acid, D-phosphinothricin, L-phosphinothricin, and DL-phosphinothricin were synthesized at Hoechst AG. Glutamate dehydrogenase (from bovine liver), 6-amino-n-* Corresponding author.
caproic acid, 7-aminoheptanoic acid, cadaverine, GABA, gabaculine, aminooxyacetic acid, hydroxylamine, phenylhydrazine, and all protein amino acids were obtained from Sigma, Munich, Federal Republic of Germany. Polymercarrier VA-Epoxy Biosynth was obtained from Riedel de Haen.
Assays. The transaminase was assayed by two different methods. In method 1 (standard assay), it was incubated at 30°C in a volume of 100 ,ul with 0.1 M Tris, 0.1 mM pyridoxal phosphate, 10 mM 2-ketoglutarate, and 10 mM L-phosphinothricin at pH 7.5. The reaction was stopped by the addition of 200 RI of ethanol, and the glutamate produced was assayed either by reaction with glutamate dehydrogenase as described by Bernt and Bergmeyer (4) Amino acid sequencing. The first 30 N-terminal amino acids of the transaminase were determined by gas phase sequencing with a 477a analyzer (Applied Biosystems, Inc., Foster City, Calif.) by using standard procedures. RESULTS Purification. A phosphinothricin-specific transaminase activity was measurable in crude extracts of E. coli which converted PPO to L-phosphinothricin with L-glutamate as the amino-group donor. Starting with 10 g of bacteria, we purified the transaminase ca. 800-fold following the purification protocol given in Table 1 . The chromatofocusing column used in step 7 of the purification procedure revealed an isoelectric point of 4.35 for the transaminase. The purified enzyme was shown to be homogeneous by the criterion of sodium dodecyl sulfate-gel electrophoresis ( Fig. 1 ) and had a molecular mass of ca. 43 kilodaltons. The first 30 aminoterminal amino acids of the purified transaminase were determined by gas phase sequencing. The sequence was H2N-Met-Asn-Ser-Asn-Lys-Glu-Leu-Met-Gln-Arg-ArgSer-Gln-Ala-Ile-Pro-Arg-Gly-Val-Gly-Gln-Ile-His-Pro-IlePhe-Ala-Asp-Arg-Ala-.
Substrate specificity. The substrate specificity of the enzyme was studied by using the coupled transaminase-glutamate dehydrogenase assay (method 1; see Materials and Methods), in which the compounds in question were substituted for L-phosphinothricin and 2-ketoglutarate served as the amino-group acceptor. The enzyme showed a high 
specificity for L-phosphinothricin and some structurally related compounds. The highest enzyme activity, however, was observed with GABA (Table 2) . With PPO as the amino-group acceptor (method 2; see Materials and Methods), the enzyme showed high substrate affinity toward glutamate, GABA, and 3-aminopropyl (methyl) phosphinic acid ( Table 2) . With both amino-group acceptors, however, no enzyme activity was detectable with other protein amino acids than L-glutamate and L-glutamine. The molecular structures of the transaminase substrates are given in Fig. 2 .
Inhibitors. The effects of various compounds on the enzymatic activity of the transaminase were tested by addition of the substance in question at 1 mM to the reaction mix. The enzyme activity was determined as described above, and the results are listed in Table 3 . Typical inhibitors of pyridoxal phosphate-dependent enzymes such as phenylhydrazine, hydroxylamine, and aminooxyacetic acid, as well as gabaculine, known as an irreversible GABA-transaminase inhibitor (6, 15, 19) , strongly inactivated the enzyme. Similar results were obtained by incubating the enzyme with the sulfhydryl reagents N-ethylmaleimide and 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB). In contrast to the results of Yonaha and Toyama (19) , who reported strong inhibition of GABA-transaminase from Pseudomonas sp. by D-and Lcysteine, these compounds had no effect in our experiments.
With the exception of mercury, none of the divalent metal ions tested affected the transaminase. Effect of pH and temperature. The effect of pH and temperature on the transamination between L-phosphinothricin and 2-ketoglutarate was examined by using assay method 1. The pH dependence of the enzyme reaction was determined by substituting the following buffers for Tris: citrate-NaOH buffer (pH 4 to 4.5), 2-(N-morpholino)ethanesulfonic acid (MES) (pH 5 to 6), PIPES (pH 6.5 to 7.5), and 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) (pH 9.5 to 11.5). The enzyme was most active in the high-pH region, with a maximum at pH 8 to 9.5 (Fig. 3) . Almost no transaminase activity was detectable below pH 6.
The reaction velocity increased dramatically with temperature and exhibited a maximum at 55°C (Fig. 4) . The thermal stability of the protein was examined at pH 8.0. After the enzyme was incubated at various temperatures for 10 min, the remaining activity was determined by the standard assay. The enzyme was found to be stable up to 70°C but inactivated at higher temperatures (Fig. 5) . The enzyme preparation showed no significant loss of activity during 3 weeks of storage at room temperature.
Enzyme immobilization and L-phosphinothricin production. enzyme preparation (20% transaminase) was incubated with Polymercarrier VA-Epoxy Biosynth. Approximately 95% of the protein bound to the matrix, exhibiting ca. 50% of the initial transaminase activity.
For comparison of the catalytic properties, 0.2 nkat of the immobilized and the free enzyme was incubated in 5 ml of standard reaction mix containing substrate concentrations of 30 g of PPO per liter and 90 g of L-glutamate per liter. The time courses of L-phosphinothricin production for both experiments are shown in Fig. 6 . The L-phosphinothricin production by the immobilized enzyme remained approximately linear for more than 30 days, whereas the free enzyme was unstable under these conditions and L-phosphinothricin synthesis stopped after 2 days.
Owing to its high stability, the carrier-fixed transaminase seemed to be suitable for continuous L-phosphinothricin production in an enzyme reactor. Therefore, a 20-ml column was packed with the immobilized enzyme. Various concentrations of the substrate PPO and the amino-group donor L-glutamate were used in the enzyme reactor for the transamination process (Table 4) . Earlier investigations had demonstrated that at least a fourfold molar excess of glutamate with respect to PPO was necessary to drive the transaminase reaction to near completion. Under the given reaction conditions, 76 to 90% of the applied PPO was converted to L-phosphinothricin. The conversion rate dropped with increasing substrate concentrations, indicating an insufficient contact time of enzyme and substrate. Higher conversion rates at high substrate concentrations were obtained by lowering the flow rate of the enzyme reactor (data not shown). Experiments to determine the long-term operational stability of the immobilized enzyme were carried out in which the catalytic activity of the enzyme reactor was measured over a total period of 53 days. During the experiment, the enzyme column was operated intermittently for 7 weeks for periods of 1 day at a time. When not in use, the enzyme column was stored in substrate solution at 42°C. Only a slight loss in the activity of the immobilized protein was detectable; at the end of the test period, the enzyme still exhibited ca. 75% of its initial catalytic capacity. The specific L-phosphinothricin production rate of the enzyme reactor was compared with the production rate obtained by biotrans- formations with resting cells (2) of E. coli DH1 at identical substrate concentrations. Whereas the highest production rates by biotransformation did not exceed 0.2 g of Lphosphinothricin per liter per h, production rates of more than 50 g of L-phosphinothricin per liter per h were obtained with the enzyme reactor.
Purffication of L-phosphinothricin. After enzymatic conversion, the reaction broth contained L-phosphinothricin, glutamate and 2-ketoglutarate in a molar ratio of 1:3:1, plus trace amounts of unreacted PPO. To isolate the L-phosphinothricin, we subjected the reaction mixture to a two-step ion-exchange column chromatography. First, the two amino acids were purified from the ketoacids by binding the amino acids to a cation exchanger (Amberlite 200). The amino acids were eluted with NH40H, applied to an anion exchanger (Dowex-1 acetate), and separated from each other by eluting the column with acetic acid. The phosphinothricin-containing fractions were pooled and concentrated to dryness under reduced pressure. Analysis of the L-phosphinothricin produced in the Hoechst analytical laboratory revealed an optical purity of >99.9%.
DISCUSSION
We have isolated a transaminase from E. coli K-12 that is capable of catalyzing the synthesis of the herbicidal compound L-phosphinothricin from the corresponding keto acid (PPO) with L-glutamic acid, GABA, or 3-aminopropyl (methyl) phosphinic acid as an efficient amino-group donor. When 2-ketoglutarate was used as the amino-group acceptor, the enzyme exhibited the highest activity with GABA as the amino-group donor and the next-highest activity with L-phosphinothricin as the amino-group donor.
From these studies we conclude that the enzyme is a GABA:2-ketoglutarate transaminase (EC 2.6.1.19), an enzyme that has previously been described as being involved in the GABA utilization pathway of E. coli K-12 (7). Our substrate specificity studies demonstrate that the enzyme activity depends on the spacing between the amino group and a negatively charged group in the substrate. The charged group can be either a carbonyl, a phosphino, or a phosphono group. The enzyme was most active on substrates with three carbon atoms interposed between these functions (Fig. 2) , whereas molecules with longer or shorter carbon chains inserted were not transaminated. As the only exception, ornithine could serve as an amino-group donor when the reaction was carried out at pH 9.5 (data not shown).
Microbial GABA transaminases have previously been isolated and partially characterized by Voellmy and Leisinger (18) For the technical application of phosphinothricin transaminase, we therefore used an excess of the amino substrate glutamate to shift the reaction equilibrium to the desired product. A fourfold molar excess of glutamate over the 2-keto acid precursor resulted in production yields of more than 90% L-phosphinothricin (Table 4) . During the purification of L-phosphinothricin from the reaction broth by ionexchange chromatography, the unreacted glutamate could be separated from the other reaction products and be recycled into the transamination process.
E. coli is one of the most powerful sources of transaminases for biotechnological processes. The nucleotide sequences of E. coli genes coding for the branched-chain amino acid transaminase (ilvE) (12) imidazolylacetolphosphate:glutamate transaminase (hisC) (11), aspartate aminotransferase (aspC) (9), aromatic aminotransferase (tyrB) (9) , alanine:valine transaminase (avtA) (14) , and 3-phosphoserine aminotransferase (serC) (8) are already known. A comparison of the deduced amino acid sequences of these genes shows no homology to the 30 N-terminal amino acids of the transaminase described in this paper. The cloning, characterization, and overexpression of the corresponding transaminase gene are reported in the accompanying article (1) .
